The core and rim of a short prismatic dark brown tourmaline crystal (10 mm in diameter) from a granitic pegmatite near Goslarn, Lower Austria, were structurally and chemically characterized, including H 2 O determination and Mössbauer analysis. The optimized formula, calculated using chemical and structural data for the core, is X (Na 0 , which can be assigned to O-H1 stretching, is relatively small. This is in agreement with the occupancy of ~[O 0.9 (OH) 0.1 ] at the W site. We assess the assignment of Mg-rich tourmaline to dravite or olenite, and different methods to approximate the Al-Mg order, where there is no possibility for a single-crystal determination of the structure. granitic pegmatite) short prismatic habit of these crystals, and the relatively low Fe content (Ertl 1995). Here, we provide results of detailed analyses of a tourmaline crystal (Mg-bearing olenite) from that pegmatite, giving chemical, structural, Mössbauer analytical data, and infrared spectroscopic data for the material, and we also discuss the degree of order of Mg over the Y and Z sites.
SOMMAIRE
Nous avons caractérisé la structure et la composition du coeur et de la bordure d'une variété de tourmaline brune se présentant en prismes trappus (10 mm de diamètre) dans une pegmatite granitique près de Goslarn, en Basse Autriche; nous avons aussi déterminé la teneur en H 2 O et le spectre de Mössbauer. La formule optimisée, calculée à partir des données chimiques et structurales pour le coeur, est X (Na (3), c 7.1757(2) Å, R = 0.014. La formule optimisée pour la bordure du cristal est § E-mail address: andreas.ertl@t-online.at granitic pegmatite) short prismatic habit of these crystals, and the relatively low Fe content (Ertl 1995) . Here, we provide results of detailed analyses of a tourmaline crystal (Mg-bearing olenite) from that pegmatite, giving chemical, structural, Mössbauer analytical data, and infrared spectroscopic data for the material, and we also discuss the degree of order of Mg over the Y and Z sites.
EXPERIMENTAL

Sample selection
Pieces from the rim (GOS1) and from the core (GOS2) were separated from a dark brown short prismatic tourmaline crystal (10 mm in diameter, 7 mm in length) from Goslarn, Lower Austria. This euhedral crystal is intergrown with quartz and shows the forms {101}, {120} and {010}. The two pieces were first used for structure refinements and subsequently for chemical analysis.
Crystal structure
Crystals GOS1 (~150 m in diameter) and GOS2 (~200 m in diameter) were mounted on a Bruker Apex CCD diffractometer employing graphite-monochromated MoK␣ radiation. Redundant data were collected for an approximate sphere of reciprocal space, and were integrated and corrected for Lorentz and polarization factors using the Bruker program SaintPlus (Bruker AXS Inc. 2001) .
The structures were refined using the Bruker SHELXTL v. 6.10 package of programs, with neutralatom scattering factors and terms for anomalous dispersion. Refinement was done with anisotropic thermal parameters for all non-hydrogen atoms. Grice & Ercit (1993) , Hawthorne et al. (1993) , MacDonald & Hawthorne (1995) , Taylor et al. (1995) , Bloodaxe et al. (1999) , and Cámara et al. (2002) . Hawthorne et al. (1993) asserted that the Mg content at the Z site cannot be determined on the basis of scattering power alone because of the similarity of Mg and Al with respect to X-ray scattering. Because of considerable differences in ionic radius between Al and Mg, their quantity can be determined from mean bond-lengths. Hawthorne et al. (1993) and Grice & Ercit (1993) obtained linear relations between mean bond-lengths and the radii of constituent cations. After normalizing the Y-site and Z-site constituents to nine cations before the final refinement, Bloodaxe et al. (1999) used the method of Hawthorne et al. (1993) to determine the extent of order of Mg and Al between the two octahedral sites by minimizing the differences between grand mean octahedral bond-length and bond lengths calculated from the radii of the constituent cations. The final assignments in Bloodaxe et al. (1999) were made by minimizing the difference between the error on Y and Z. Ertl (1995) gave unit-cell parameters and results of semiquantitative analyses of light brown to dark brown Mg-rich tourmaline from small veins of pegmatite in a gneiss (paragneiss of the Bunte Serie of the Gföhler unit) near the village of Goslarn, Lower Austria. These tourmaline crystals are short, prismatic, and reach up to 1 cm in diameter. The associated minerals are quartz, apatite, sillimanite and microcline. We initiated this investigation because of the unusual (for tourmaline from a two tourmalines. Table 2 contains the atom coordinates, equivalent-isotropic displacement parameters, and site occupancies. Table 3 shows selected bond-lengths. Structure factors may be obtained from the Depository of Unpublished Data, CISTI, National Research Council, Ottawa, Ontario K1A 0S2, Canada.
Chemical analysis
The two single crystals used for the structure refinement were analyzed with a wavelength-dispersion ARL SEMQ electron microprobe (EMP) at the Naturhistorisches Museum Wien, Austria (Table 4) . We used an accelerating voltage of 15 kV, a beam current of 15 nA, and a spot size of 2 m. Natural silicates and oxides were used as standards. The concentration of fluorine was determined by F-ion sensitive electrodes on a bulk sample from which our two crystals were obtained. The bulk sample of the tourmaline crystal was further analyzed for H content in the Stable Isotope Laboratory at Southern Methodist University (U extraction method; Dyar et al. 1998) .
The amount of B 2 O 3 was calculated as B = 3.00 apfu by assuming that there is no [4] B in this sample of tourmaline; this assumption is supported by the structure refinements and also the <T-O> distances of 1.619-1.620 Å ( Table 3 ). The ideal <T-O> bond length (T site fully occupied with Si) has been determined to bẽ 1.620 Å in various structural studies (MacDonald & Hawthorne 1995 , Bloodaxe et al. 1999 , Ertl et al. 2001a .
Mössbauer analysis
Approximately 80 mg of tourmaline was crushed to a fine powder with sugar under acetone before mounting in a sample holder confined by cello tape. The resultant thickness of the sample was 0.44 mg Fe/cm 2 , below the approximation of thin-absorber thickness (Long et al. 1983) . A room-temperature Mössbauer spectrum to determine Fe 2+ and Fe 3+ content was acquired in the Mineral Spectroscopy Laboratory at Mount Holyoke College (Fig. 1) . A source of 20 mCi 57 Co in Rh was used on a WEB Research Co. spectrometer; run time was ten days. Results were calibrated against an ␣-Fe foil of 6 m thickness and 99% purity. In the absence of any data on recoil-free fractions for Fe at different sites and for valences in the tourmaline structure, peak areas were assumed to correspond directly to the abundance of the species in the sample; it is recognized that this assumption (and the use of a potentially preferentially oriented absorber) may unavoidably contribute to the overall large errors on the Fe distributions in this sample. Thus, the error on site assignments in this sample is estimated to be roughly ±3-5%.
The spectrum was fit using the WMOSS software of WEB Research Co., an implementation of the Voigtbased method of fitting the spectrum developed by Rancourt & Ping (1991) . This method has been shown to be most appropriate for samples in which the Fe atoms do not have homogeneous environments, but rather have different nearest-neighbor and next-nearest-neighbor environments. This is certainly the case in the tourmaline structure. Given the poor signal-to-noise ratio of the spectrum (a result of the sample's relative low Fe content), elaborate schemes of fitting were not considered. Instead, a simple three-doublet fit was used. Various combinations of constraints for the parameters of each distribution were used, but these permutations did not affect the relative peak-areas by more than ±3% (i.e., within the stated error).
Quadrupole-splitting distributions (QSDs) were used to represent the contributions of Y-site Fe 2+ in this spectrum. Following the established conventions for fits using the quadrupole-splitting distribution, ␥, which is the Lorentzian full peak-width and half-maximum intensity, was constrained to be 0.20 mm/s, which is roughly the natural linewidth of Fe. The ratio of Lorentzian heights of the two lines in an elemental quadrupole doublet, h + /h -, was constrained for all components to be equal to zero. The values for ␦ 0 (the value of isomer shift, ␦, where the distributed hyperfine parameter has a value of zero) and ␦ 1 (the coupling of ␦ to the distributed hyperfine parameter) were constrained to be the same (but allowed to vary as a group) for all subcomponents based upon the assumption that these all represent Fe 2+ atoms at the Y site. The remaining parameters, including the center of the Gaussian component of the ⌬ distribution (⌬ 0 ), the width of the quadrupole-splitting distribution (␦ ⌬ ), and the relative area of the doublets (A), were allowed to vary freely. Isomer shift (␦) is calculated using ␦ = ␦ 1 * ⌬ 0 + ␦ 0 . Details relating to the application of these parameters can be found in Rancourt & Ping (1991) .
The parameters of the three modeled Gaussian subcomponents (Table 5 ) all correspond to Fe 2+ at the Y site, in keeping with the assignments proposed by Pieczka et al. (1997) and used by Dyar et al. (1998 any contribution from Fe 3+ in either tetrahedral or octahedral coordination. Similarly, we attempted fits using two versus three subcomponents. The total quadrupolesplitting distribution was very similar for both the twosubcomponent fits and the three-subcomponent fits, and it is well defined, independent of the number of Gaussian subcomponents used. This result is typical of the Voigt-based QSD method of fitting used here, which yields results that are quite stable. The chi-squared value for the two-subcomponent fit (0.669) is only slightly different than that of the three-subcomponent fit (0.653), so for the sake of simplicity, we have chosen the twosubcomponent fit for Figure 1 and Table 5 .
The parameters of the Fe 2+ Gaussian subcomponents (Table 5 ) correspond to Fe 2+ at the Y site, in keeping with the assignments proposed by Pieczka et al. (1997) and used by Dyar et al. (1998) . It must be noted that a different model of fitting (in which a fourth subcomponent for Fe 3+ was added) was attempted, but it did not yield realistic Mössbauer parameters for [4] Fe 3+ , and the putative Fe 3+ contribution was very low (roughly 6%). Furthermore, Fe 3+ was not recognized in the crystalstructure refinement, so the purely Y Fe 2+ fits were considered to be the most appropriate.
Infrared spectroscopy
The spectrum was collected on Nicolet Nexus FTIR spectrometer (at the National Geophysical Research Institute, Hyderabad) equipped with TEC-DTGS detector and a XT-KBr beam splitter. The spectrometer has a dual source covering a 375 to 11000 wavenumber range. A thin plate (1 mm in size) was broken off the tourmaline crystal described above, and was heated at about 80°C for about 3 h before collecting the IR spectra. A circular aperture (of the same size as the plate) was just covered with the thin plate, and the spectrum was recorded in the range 2000-11000 cm -1 . This spectrum was recorded with unpolarized light, covering overtone and combination modes in the range 3000-6000 cm -1 .
Optimization of site occupancies
Using quadratic programming methods, Wright et al. (2000) described a method of optimizing the occupancies of cation sites in minerals having multiply occupied sites. Using that method with the structure refinement and chemical data obtained in this study, the structural formulae of these tourmaline samples are: The optimized formula essentially minimizes the differences between the formula obtained from the results of the chemical analysis and that obtained by structure refinement. For these optimizations, the bond valences were taken into consideration, but bond lengths were not employed in the refinement. DISCUSSION OF THE ATOMIC ARRANGEMENT Hawthorne (1996) noted that the occurrence of Al at the Y site and Mg at the Z site in tourmaline is due to disorder rather than differences in chemical composition, and that the order-disorder reaction can be expressed in the form
. This disorder is driven by the short-range requirements of O 2-at the O1 site that is associated with 2Al + Mg configurations at the coordinating Y sites so as to satisfy its bond-valence requirements (Hawthorne 1996 (Hawthorne , 2002 . Taylor et al. (1995) showed that disorder of Al and Mg over the Y and Z sites in a calcic tourmaline occurs in tandem with significant O 2-at the O1 site. The tourmaline from Goslarn is a good example of a sodic tourmaline wherein the Y site is occupied by ~(Al 2 Mg), and the Z site, bỹ (Al 5 Mg). The O1 site is occupied by ~[O 0.9 (OH) 0.1 ], exactly as predicted by Hawthorne (1996) for such a tourmaline. Hawthorne (2002) calculated the bond-valence arrangements for such a tourmaline (his Table 5 ). Mg-bearing Na-rich tourmaline samples with an Aldominant Y site were previously described by Bloodaxe et al. (1999) with Al 1.22 -Al 1.28 (<Y-O> = 2.018-2.025 Å) at the Y site and by Ertl et al. (2001b) with Al 1.36 at the Y site (<Y-O> = 2.012 Å). The tourmaline from Goslarn contains Al 1.42 at the Y site (<Y-O> = 2.010 Å) of the rim sample, and Al 1.58 at the Y site (<Y-O> = 2.006 Å) of the core sample.
The Mössbauer spectrum (Fig. 1) (Dyar et al. 1998 , Fuchs et al. 1998 , Oliveira et al. 2002 .
The FTIR spectrum (Fig. 2) of the Goslarn tourmaline shows four bands (~4528, 4457, 4358 and 4241 cm -1 ) that are combinations due to OH stretch + MOH bends. In the fundamental OH-stretching region, only three bands [3737, 3630 (sh) and 3552 cm -1 ] are clearly observed, and all are comparable with those found in dravite. A broader mode at ~3208 cm -1 and a very weak and broad component at ~5177 cm -1 could be due to H 2 O. It is not clear if the H 2 O is present as fluid inclusions or in the structure. Castañeda et al. (2000) mentioned that the broad band at ~3170 cm -1 (which was observed in samples of the elbaite-schorl series) is probably due to traces of interstitial molecular H 2 O (Nakamoto 1970) . Similar bands at ~3200 cm -1 have been observed by Oliveira et al. (2002) for tourmaline samples (elbaite-schorl series) from granitic pegmatites. Tourmaline samples from granitic rocks, from magnesite deposits, and from gold deposits do not show this band at ~3200 cm -1 (Oliveira et al. 2002) . The relatively sharp bands from the Goslarn tourmaline in Figure 2 indicate a higher crystallinity. Strong electronic absorption around 8000-9000 cm -1 is indicative of Fe 2+ . Oliveira et al. (2002) observed that a very weak band at 3690 cm -1 , observed in tourmaline samples (draviteschorl series) from gold deposits, might be indicative of O 2-at the W site, which results in the displacement of Mg to the Z site and of Al to the Y site. However, our strongly disordered tourmaline sample from Goslarn does not show a band at ~3690 cm -1 . We thus disagree that a band at 3690 cm -1 indicates O 2-at the W site. It must thus have another explanation. Castañeda et al. (2000) assigned the band at ~3630 cm -1 in Fe-rich tourmaline (from granitic pegmatites in Brazil) to the O-H1 stretching with a local environment of Y Fe Y Fe Y Fe. The band at ~3630 cm -1 (Fig. 2) in the tourmaline sample from Goslarn is relatively small compared to that in the Fe-rich tourmaline samples from Brazil (Castañeda et al. 2000) . This relatively small band is consistent with the occupancy of ~[O 0.9 (OH) 0.1 ] at the W site (O1 site). Castañeda et al. (2000) assigned the band at ~3550 cm -1 (samples from the elbaite-schorl series) to the O-H3 stretching with a local environment Y (Fe,Al) Z Al Z Al or Y R Z Al Z Al. In the Goslarn tourmaline, we observed a strong band at ~3552 cm -1 , which is in agreement with an occupancy of ~(OH) 3 at the V site (O3 site).
Using currently valid tourmaline end-member species (Hawthorne & Henry 1999) , we can describe the tourmaline samples from Goslarn as a mixture of olenite, dravite and schorl. The core sample (GOS2) consists of 53 mol.% olenite, 30% dravite, and 14% schorl. The rim sample (GOS1) consists of 47 mol.% olenite, 37% dravite, and 13% schorl. Whereas the olenite component decreases from the core to the rim, the dravite component increases. The schorl component decreases only slightly from the core to the rim. The assumption that all Mg occupies the Y site, with none at the Z site, would give 67 mol.% dravite for the core sample and 72 mol.% dravite for the rim sample. This choice would result in an incorrect interpretation of these tourmaline samples. The relatively high Al content at the Y site in the tourmaline samples from Goslarn is also reflected by the relatively short <Y-O> distances (2.006-2.010 Å, Table 3 ). The shortest <Y-O> distances that have been observed in Mg-bearing tourmaline samples so far are 2.021 Å (Grice & Ercit 1993 ), 2.038 Å (MacDonald & Hawthorne 1995 , 2.018 Å (Bloodaxe et al. 1999) , and 2.012 Å (Ertl et al. 2001b) .
The Li content of the Goslarn samples is assumed to be very low (< 0.01 wt% Li 2 O) because of the absence of any Li-rich minerals (e.g., elbaite, lepidolite) in the pegmatite and because of the very low F content (0.05 wt% F). Lithium and F are usually positively correlated in Li-bearing tourmaline (e.g., data in Dyar et al. 1998) . In addition, Mg-rich tourmaline with significant Li content is very rare in nature (elbaite-dravite tourmaline from Bližná, Czech Republic; Novák et al. 1999) . Furthermore, no band at ~3594 cm -1 (assigned to O-H3 with a local environment of Castañeda et al. 2000) , and no band at ~3480 cm -1 (assigned to O-H3 with a local environment Y (Al,Mn) Y Al Y Li; Grice & Ercit 1993 ) is visible in the FTIR spectra of the tourmaline from Goslarn (Fig. 2) Determination of the degree of Mg order between the Y and Z sites without resorting to a crystal-structure refinement and structural-formula optimization would be of interest in tourmaline studies. Hawthorne (2002) showed that a tourmaline with Na at the X site and Al 3 or Al 2 Mg at the Y site requires O 2-at the O1 site. Thus, significant F or (OH) content at O1 suggests that the Y site is not dominated by Al. If the F content, which can be estimated by EMPA, exceeds 0.5 apfu, the Mg-bearing (or Fe 2+ -bearing) tourmaline will probably not have an Al-dominated Y site. Mg-bearing tourmaline with a total (OH) content [or (OH) + F] of ~4 apfu will probably not have an Al-dominant Y site. Determination of H 2 O content in a tourmaline sample is not possible by EMPA, but it is generally worthwhile to undertake such an analysis by SIMS or other techniques. Hawthorne et al. (1993) , Grice & Ercit (1993) , and MacDonald & have shown that Mg can occur at the Z site in tourmaline and that the variation in <Z-O> distance is a function of constituent-cation radius. Methods to approximate the Mg content at the Z site without requiring crystal-structure refinement were given by Grice & Ercit (1993) and Bloodaxe et al. (1999) . Grice & Ercit (1993) noted a good correlation between the partitioning behavior of Mg and total Fe/ (Fe + Mg), but the Y-site Mg content can only be reliably calculated for compositions with FeO (total) greater than 7 wt%. Bloodaxe et al. (1999) showed that in their samples (dravite-schorl series), the amount of Mg at the Z site increases, whereas Fe 2+ at the Y site decreases. Bloodaxe et al. (1999) proposed that the occurrence of an Fe 2+ atom at a Y site may be locally associated with the absence of Mg at both of the neighboring Z sites, as substitution of Fe 2+ at Y and Mg at Z requires antithetic shifts of the O6 anion. Using Figure 3 (Mg at Z versus Fe 2+ at Y) in Bloodaxe et al. (1999) , we can assign ~0.9 apfu Mg at the Z site for ~0.4 apfu Fe 2+ at the Y site of the Goslarn tourmaline samples, which is in good agreement with the optimized formulae for GOS1 and GOS 2.
Another possible method to approximate the Mg content at the Y site is to determine the unit-cell parameters. Using our data and those of Bloodaxe et al. (1999) , the parameter c of Mg-(and Fe-) bearing tourmaline samples that contain ~0.9-1.1 apfu Mg at the Z site is in the range 7.176-7.199 Å. These tourmaline samples do not contain Fe 3+ at the Z site [tourmaline samples that contain significant Fe 3+ at the Z site have high Fe contents (FeO tot >14 wt%; Cámara et al. 2002) and are not common]. Using the data of Bloodaxe et al. (1999) , the c parameter of Mg-(and Fe-) bearing tourmaline that contains ~0.6-0.7 apfu Mg at the Z site is in the range 7.157-7.169 Å, and for samples with ~0.4-0.5 apfu Mg at the Z site, it is the range 7.146-7.154 Å. After subtracting the amount of Mg at the Z site from the total Mg (apfu), the rest will occupy the Y site. For the most common tourmaline samples, this procedure will approximate the degree of Al-Mg order where there is no possibility for a single-crystal structure refinement.
SUMMARY
We have described an example of disordered Mgbearing olenite with up to ~Al 1.6 at the Y site (<Y-O> = 2.006 Å) and ~Mg 1.1 at the Z site (<Z-O> = 1.926 Å). The O1 site is occupied by ~[O 0.9 (OH) 0.1 ], and the O3 site is occupied by (OH) 3 . No Fe 3+ was found by Mössbauer spectroscopy or by refinement (at the Z site). The disorder in the distribution of Mg in the Goslarn tourmaline is further supported by the relatively small band at ~3630 cm -1 , which can be assigned to the O-H1 stretching. This tourmaline from a granitic pegmatite near Goslarn, Lower Austria, is a good example of disorder driven by the short-range requirements of O 2-at the O1 site associated with 2Al + Mg configurations at the coordinating Y sites.
